A stellar interferometer is proposed that has the following characteristics: parallel shear, phase modulation and detection, white light fringes, simplicity, and high mechanical stability. The interferometer developed is able to measure the complex coherence function of a star and distinguish-it from most telescopic and atmospheric aberrations. This is achieved by detection of the fringes in the exit pupil, which is divided into small areas each less than a projected atmospheric isoplanatic patch. Then the phase-modulated fringes are detected independently in each area and summed incoherently.
Introduction
In this paper we shall describe a phase-modulated shearing interferometer that has been developed with the eventual aim of providing a simple and sensitive stellar interferometer. The instrument works in white light and uses a small number of photomultipliers as receptor. It has particularly high stability to mechanical disturbances and has proved in laboratory tests to work in the presence of a reasonable amount of atmospheric turbulence. By scanning through a range of shear values, the interferometer provides a section of the 2-D complex mutual coherence function, from which the source intensity distribution can be calculated by Fourier transformation. Some of its advantages, such as phase modulation and white light operation, have been employed in other interferometers'-0 but have not been combined in one instrument.
The interferometer produces two images of the entrance pupil of a telescope, which appear in the exit pupil superimposed with variable shear. Its construction allows the optical paths through the interferometer to be equalized easily, and white light fringes appear in the overlap region of the two images. The symmetry of the construction also ensures that the of atmospheric turbulence the measurement of these parameters is carried out by projecting the fringes on a stationary transmission grating with line-spacing equal to the fringe period. In addition the fringes are given a small high-frequency phase modulation. The light transmitted by the grating is then found to be intensity modulated and can be measured by a photomultiplier with a phase-sensitive detector. It will be seen later that a recording of this output as a function of the shear is sufficient for reconstruction of the intensity distribution of small sources.
Effect of Atmospheric Turbulence
The primary aim of this work was to develop a technique for measuring the complex coherence function of the light from an extended source by a method that is influenced as little as possible by atmospheric turbulence. The effect of the turbulence on the interferometer described above is twofold: (1) Fluctuations in relative phase between the electric field vectors at the two ends of the shear vector introduce an additional time-dependent random phase modulation to the fringes. The mean value of these fluctuations is zero, but their rms amplitude may be more than 27r. (2) The fluctuations differ from point to point in the entrance pupil in a random manner. They are correlated only within a region of diameter -10 cm in the pupil.
These problems are overcome by the instrument in the complete form that we envisage (and which has not been tested in its entirety). As far as the time-dependence (1) of the fluctuations is concerned, we shall receive a signal (after the demodulation grating),
where w is the modulation frequency, A and iV are the amplitude and phase of the mutual coherence function, and 0(t) is the random phase modulation produced by the atmosphere. After treatment by the phase-sensitive detector (multiplication by coswt and averaging for a time long compared to the fluctuation period) we have output:
When 0(t) obeys a Gaussian probability distribution with rms value a, the mean (cosk(t) ) is just exp(-a2/2); it remains positive but falls gradually to zero. One of the aims of the present experiments was to determine experimentally if the practical mean value (coso(t))
remains large enough to be useful in practice (the typical value usually assumed for a is 2r). The spatial Ouctuations can be dealt with by restricting the entrance aperture of the photomultiplier to a single correlated region (the image of a 10-cm disk in the entrance pupil). Each correlated region in the fringe pattern is transmitted to a separate photomultiplier and gives a similar output S(t); the output from the various photomultipliers can then be added. It should be realized that since the white light fringe pattern only exists along a diameter of the exit pupil, this multiplicity of photomultipliers only indicates a 1-D array, which would amount to some ten photomultipliers and circuits for a 1-m telescope. We have not tried using an array because we had only one phase-sensitive amplifier available; we have limited ourselves to a single channel and used a rather small entrance pupil.
Ill. Experimental System
The interferometer was tested with a single detection channel. A shearing interferometer of novel construction was used, which made it particularly easy to obtain equal path lengths in the two arms. It sheared the two images by equal distances in opposite directions so that the white light fringes remain in the center of the overlap region. The interferometer is illustrated in Fig rotation of the plate S about an axis normal to the paper. The translation of the rays is shown by full lines, and it will be seen that the beams leaving BS 2 are equally translated in opposite directions. For the ideally aligned interferometer the optical paths are equal at all points in the field for all states of shear, so that a single interference fringe would cover the whole overlap area of the two images. It is then possible to misalign the axis in such a way as to produce equal and opposite phase gradients across the two beams, in which event the overlap region is crossed by straight parallel fringes always centrally located (see Fig. 2 ). These fringes are most conveniently produced by a slight rotation of one of the beam splitters. The fringe position is modulated at -1 kHz by wobbling plate M with a loudspeaker coil. (It was originally intended to use a constant frequency piezooptic modulator" but one of sufficient quality at optical wavelengths has not yet been produced.) The demodulator (when fringes are present) is a Ronchi ruling introduced into the symmetrical outgoing beam. The ruling has spatial frequency equal to that of the fringes. If the ruling has zero phase with respect to some arbitrary fringe position, the component of transmitted intensity at the modulation frequency measures the imaginary part of the coherence function. If it is in quadrature, the real part is measured. One could measure both parts simultaneously by employing the asymmetrical outgoing beam as well as the symmetrical beam (see Appendix A). (Fig. 3) . The light is then collected by a microscope objective L 2 to form a parallel beam into which the interferometer is inserted. The outgoing f7 beams enter a third lens that forms a secondary image I2. This image is quadruple, unless the interferometer 4 is correctly adjusted, and is therefore used for prelimi- tiplier is then fed into a synchronized phase-sensitive amplifier. the shear is then adjusted to zero and the white light
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fringes are usually found relatively easily. This mode of adjustment ensures that as the shear is increased, the 
IV. Measurement of the Complex Coherence Function
An important feature of this method is that it measures the complex coherence function. We can see the practical implications of this fact immediately. Supposing that the object has intensity distribution I (8) .
Then When the source is small and at an easily resolvable angle from the axis of the interferometer, it is therefore sufficient to measure only the real part (say) of the complex coherence function. Fourier transformation of this function alone gives an intensity section of the source together with its mirror image with respect to the axis. If the source is too close to the axis to be distinguished from its mirror image, or is extended, one must introduce the second measuring channel on the complementary output to measure the imaginary part also. By arranging the source far enough away from the axis of the system, we were able to make do with the real part of r(z) only, which was measured with the single phase-sensitive detector available. After this was recorded it was digitized (manually) and Fourier analyzed by computer.
A typical set of results for a single source (an illuminated 70-Asm pinhole at about 20-m distance) is shown in Fig. 4 . One sees the envelope (z) ofthe oscillations plotted as a function of z. The transform clearly peaks around the dominant oscillation frequency of the interferogram, which is related to the offset 0o. Thus the source intensity profile is obtained together with its position (0o). The transform of the example in Fig. 4 is shown in Fig. 5 . The mirror image in the transform at 0 < 0 has been ignored. Results for a double pinhole are shown in Fig. 6 . The difference between the cross sections of the two pinholes is quite clear (and it should be pointed out reproducible from experiment to experiment).
The effect of atmospheric turbulence was simulated as far as possible by operating the air conditioning system. This produces the expected statistical degradation of the interferogram, but the total effect on the reconstructed cross section of the image is not great (Fig.   7) .
V. Limitations of the Present System
The experiments described above have shown that our white light phase-modulated interferometer works and is capable of improving optical resolution in the presence of atmospheric turbulence. However the present instrument does not reach its diffraction limit. This is seen most clearly from the interferogram recordings. When we use a point source of diameter equal to or less than the diffraction-limited resolution, there should be interference fringes at all values of shear and not only near the center. The amplitude of the oscillations should be fairly constant in the central region (because of the limited number of white light fringes) and fall to zero at maximum shear (equal to the diameter of the entrance pupil). In fact the fringes decay before this limit. Visual observation of the fringe pattern tells us a major reason: the quality of the optics used here was apparently insufficient to ensure constant fringe spacing and orientation at all values of shear so that demodulation grid became unmatched. One can see a hint of effects of this sort in that the disappearance of the fringes on one side of the center is more marked than the other, so the effect is unlikely to be a result of atmospheric turbulence. We are sure that construction from higher quality elements would enable better results to be obtained.
A second limitation is of course the use of a single photomultiplier and not the array suggested in the introduction. This means that we have measured an averaged signal over a number of independent correlation areas, which is obviously detrimental. However, the best proof of the usefulness even of the present crude system is given by a comparison between photographic observations of the source, with a photographic film in plane I2, and the interferometric results. One should compare Figs. 8 and 7 for the double source in the presence of atmospheric turbulence to see that substantial extra information has been achieved with the interferometer.
In Fig. 8 a comparison of the star with and without the simulated wind shows a clear degradation of the integrated image. As a matter of fact, we enhanced the star's luminosity 25 times to record its image with the induced turbulence. All this is hardly noticed when looking at the interferogram of Fig. 7 , which was made with the lower light level.
VI. Limit of Weak Sources
For such an instrument to be useful in astronomy, one requires a demonstration of its applicability to weak sources. To estimate the practical limit of the present instrument, we introduced neutral density filters in front of the source until it was just possible to discern the interference fringes with a total scan time of 10 min. This occurred with a filter of density 2. The light intensity was measured by comparison with a standard blackbody source at 1000 0 C and an estimate made of an equivalent star magnitude. This limiting value is magnitude 2 and it should be recalled that we are talking about an entrance aperture of 150-mm diam. In addition, the optical efficiency of the interferometer was measured to be only 1%, and we feel that this also could be improved by the use of better components with antireflection coatings.
VII. Conclusions
We conclude that an instrument of this type, if built with higher quality optical components, should be able to make a useful contribution to astronometry. We shortly intend to construct an instrument that can be mounted on the 1-m telescope at the Wise Observatory at Mitzpe Ramon.
We are grateful for the support of the Israel Commission for Basic Research in carrying out this project. where 6 is the phase difference between the two interfering waves. If the phase difference is modulated by a small amount a coswt (<<r), so that 6 is replaced by 6 + a coswt, we find that I(6) has an ac component I(6)ac = 2JIYI 2 1 sin(6 -4) coswt. The ruling that is superimposed on the pattern matches the fringe spacing and can be described as either To(6) = 1/2 (1 + cosb) when it is in the phase of the fringes, or as T 90 = 1/2 (1 + sinb) when in quadrature. The measurement of these two ac signals gives both the real and imaginary parts of the complex coherence function.
The transmitted intensity is (I(6)T())
.
